Abstract Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease leading to cell death of predominantly motor neurons. Despite extensive research in this disease, finding a way to slow the progress of the disease has been challenging. RNA-targeted therapeutic approaches, including small interfering RNA and antisense oligonucleotides are being developed for genetic forms of ALS. ALS provides an unique opportunity for the use of RNA inhibition strategies given a welldefined animal model, extensive available information regarding the causative genes, and recent experience in phase 1 clinical trial.
With US Food and Drug Administration approval for Mipomersen for familial hypercholesterolemia [1] , and the recent successful phase 2a trial for Miravirsen in patients with hepatitis C [2] , RNA-targeted therapeutics have entered a new phase of growth. Neurodegenerative disorders provide immense potential for such genetic manipulation given the role of disruption of RNA and protein metabolism in pathogenesis of multiple disorders such as Alzheimer's disease, Parkinson's disease, Huntington's disease, spinocerebellar ataxias, muscular dystrophy, and amyotrophic lateral sclerosis (ALS) [3, 4] . With antisense oligonucleotides (ASOs) now moving towards a phase 3 trial in spinal muscular atrophy [5] , this mode of therapy may hold the key for these previously incurable neurological illnesses [6] . ALS, or Lou Gehrig's disease, a progressive upper and lower motor neuron degenerative disorder, occurs at one end of a spectrum of disorders that cause frontotemporal dementia at the other end [7] . While most of the sporadic cases of the disorder do not have a known genetic basis, a majority of the familial forms have now been identified to have a genetic basis with mutations in several genes such as SOD1, TARDBP, FUS, and C9ORF72 [8] . Even in the absence of mutations, rare variants in these genes have been shown to be associated with both familial and sporadic forms of ALS [9] . These mutations typically cause protein aggregates and a gain-of-toxic function effect that lead to cell-specific degeneration [10] . While medications to significantly reduce this gain-of-toxic function effect have not been discovered, targeting the production of toxic protein or RNA could achieve this aim.
RNA-targeted therapies include ASOs and small interfering RNA (siRNA), both of which utilize Watson-Crick base pairing-focused antisense mechanisms that cause degradation of or inactivate a particular mRNA [11] . These separate pathways are distinguished by the enzymes that degrade the RNA, by their sites of action, and by the different methods employed to use siRNA or ASOs therapeutically. RNA interference (RNAi) is an endogenous cell physiologic mechanism to regulate mRNA at the level of post-transcriptional processing in the cytoplasm via the RNA-induced silencing complex [12] . The Agonaute 2 in RNA-induced silencing complex has endonuclease activity and degrades the target mRNA [11] . Drs Andrew Fire and Craig Mello received the Nobel Prize in Medicine in 2006 for discovering RNAi in Caenorhabditis elegans [13] . A more robust pathway to reduce the levels of target RNA involves the use of double-stranded siRNA that activates this same pathway, and leads to mRNA cleavage and more potent inhibition of target mRNA [14] . However, this potent inhibition is offset by a relatively short half-life [15] . The siRNA can be continually produced from a viral vector [short hairpin RNA (shRNA)] and thus delivered to animal models or potentially to humans. Efforts are also underway to chemically stabilize siRNA, which will avoid the need for viral vectors [16] . ASOs are chemically modified, singlestranded oligonucleotides that activate RNAse H, an endonuclease in the nucleus, to degrade the cognate mRNA that binds to the ASOs. These also arrest mRNA translation in the cytoplasm and can alter mRNA splicing [17] . Unlike the relatively newly recognized endogenous RNAi pathways, the cellular response to degrade double-stranded RNA has been recognized for decades, and there has been extensive research to determine chemical modifications to ASOs to increase the stability in biological fluids and increase the potency without activating an immune response. ASOs for use outside of the nervous system have been developed for multiple diseases and recently resulted in an US Food and Drug Administrationapproved drug for familial hypercholesterolemia (mipomersen) [18] . The promise of using ASOs to treat neurodegenerative diseases has been greatly bolstered by recent demonstrations of wide spread distribution of ASOs throughout the brain and spinal cord when delivered to the cerebrospinal fluid (CSF) [19] [20] [21] .
The murine ALS G93A model overexpresses mutant human superoxide dismustase 1 (SOD1) and develops progressive motor neuron disease [22] . This model has been well characterized and provides a defined target for RNAi studies. The concept of RNAi for decreasing mutant SOD1 received validation in vitro with successful reduction in mutant human SOD1 in cell lines transfected with mutant SOD1 in the presence of siRNA or shRNA against SOD1 [23] . The first successful in vivo RNAi studies in the ALS mouse model used adeno-associated virus (AAV) or lentiviral transduction of shRNA against human SOD1. Miller et al. [24] demonstrated increased strength in SOD1G93A mice by intramuscular delivery and retrograde transport of AAV-2-shRNA SOD1. Intraspinal injections of lentivirus with shRNA SOD1 [25] , or intramuscular injections of lentivirus with shRNA SOD1 and rabies envelop protein to increase retrograde transport led to delayed onset of motor neuron disease in SOD1G93A mice. Ralph et al. [25] showed a 115% delay in onset of disease and a 77% increase in survival, while Raoul et al. [26] showed a 20% delay in onset of disease. Each of these 3 early studies was limited by the viral methods available. Subsequent studies using more potent shRNA and AAV-9 with a more widespread delivery of shRNA showed greater reduction of SOD1 and delivery with a paradigm that has greater potential for translation forward to the clinic. Recently, peripheral, as well as intrathecal, injection of an AAV encoding shRNA against human SOD1 mRNA has also been shown to delay disease onset and progression in G93A mice by about 30-40% [27, 28] .
Smith et al. [21] demonstrated, for the first time, that CSF delivery of ASOs resulted in widespread delivery of ASOs to the brain and spinal cord. Using this CSF delivery paradigm in SOD1G93A rats at onset, they demonstrated a slowing of disease progression by about 37%. These animal studies led to a successful phase 1 study in humans of intrathecally delivered ASOs against SOD1 that was well tolerated and had no significant adverse events [29] . They also established important first-in-human CSF pharmacokinetics for ASOs that will greatly aid in future ASO clinical trials. As CSF SOD1 can be an excellent marker with which to look at the effectiveness of ASO treatment [30] , this therapy can be guided and monitored by measuring CSF SOD1 levels. While a role for misfolded wild-type SOD1 in sporadic ALS remains inconclusive, some evidence for such a role exists through cell culture models and use of confirmation-specific antibodies that are able to distinguish misfolded SOD1 from normal SOD1 in human autopsy tissues [31] [32] [33] [34] [35] [36] . If ASOs against SOD1 continue to be safe, these have the potential to be used in cases of sporadic ALS where they could reduce the amount of misfolded SOD1. Development of an assay that could demonstrate misfolded SOD1 involvement in ALS in an individual living patient would greatly strengthen the rationale for applying SOD1-based therapeutics to non-SOD1 mutationcarrying ALS.
Mutations in the form of increased hexanucleotide repeat expansions in C9ORF72 are a major cause of familial ALS and are also found in a significant minority of patients with sporadic ALS [8] . Although there are no murine models of this mutation, fibroblasts derived from patients with C9ORF72 mutations can be manipulated to provide a human stem cell-derived neuronal model of ALS/frontotemporal dementia [37] . These cultured C9ORF72 neuronal cells show RNA foci and increased susceptibility to excitotoxicity [37] [38] [39] . Use of ASOs against the hexanucleotide repeats leads to decreased RNA foci in these neurons and decreased vulnerability to excitotoxicity [37] [38] [39] . Given the lack of an animal model of C9ORF72, these ASOs have not been tested further in vivo but hold promise that they may be able to reverse pathology in C9ORF72 patients.
An alternative approach to reducing the known aberrant mRNA directly is to use RNAi against a downstream pathway that may have a similar effect of slowing the neurodegenerative process. Such an approach has the advantage that it can be used even in cases where the mutation causing the disease is not known, as in the vast majority of patients with spontaneous ALS [8] . One such approach was shown early to have such an effect. Mutant SOD1 motor neurons had been shown to have increased sensitivity to Fas activation, leading to increased cell death by apoptotic pathways [40] . Intrathecal injection of siRNA against Fas was then shown to delay disease onset (by 20%), improve motor function and prolong survival (by 14%) . Yet another approach is to target miRNAs with ASOs such that negative regulation of the mRNA can be reversed. Such an approach has been used for silencing miR-122 in hepatocytes, thereby shutting down propagation of hepatitis C viral particles [2] . This approach has also been shown to be effective in G93A mice. MiR-155 was shown to be elevated along with 5 other miRs in human and mice ALS tissues [41] . An ASO generated against miR-155 was then shown to prolong survival (by 7%) and prolong disease duration (by 38%) when injected intraventricularly after disease onset [41] . Similar slowing of disease in SOD1G93A mice and prolongation of survival (by 8%) was achieved by a second group inhibiting miR-155 [42] .
These findings in ALS and similar such findings in spinal muscular atrophy, Alzheimer's disease, Parkinson's disease, Huntington's disease, spinocerebellar ataxias, and other neurodegerative disorders thus provide promise that RNA targeted therapeutics may be a way to control these progressive disorders [43] . Several issues regarding such genetic manipulation in humans still need to be addressed. First, while the first ASO clinical trial in the central nervous system (CNS) shows great promise from a safety/tolerability point of view [29] , longer-term data in the next studies are needed to more fully assess tolerability. Whereas earlier ASOs tended to elicit immune responses, modifications in these ASOs now are better tolerated [18] . Second, an important next step will be to show that the RNA-targeted therapeutic does, indeed, affect the target mRNA/protein in the CNS. The doses given by Miller et al. [29] were insufficient to lower SOD1 in their phase 1 trial. Third, for viral delivery the inability to Bturn off^the virally delivered shRNA remains a concern that continues to be the topic of research. ASOs will be cleared after delivery, but the long half-life (30-60 days) of the ASOs in the CNS may present a similar concern for how to reverse any unwanted side effects [29] . Last, it remains unknown whether lowering levels of the causative gene (e.g., SOD1) in ALS in symptomatic patients will be soon enough to reverse or slow the disease process. Treating presymptomatically, as is being done in Alzheimer's disease trials, though feasible clinically, would present an enormous challenge for an SOD1 ALS clinical trial given the low numbers of patients and the high variability in age of onset [44] . Despite these concerns, RNAtargeted therapies show immense promise for neurodegenerative syndromes and raise hope for a therapy that may be able to slow ALS disease progression.
